Abstract. The use of slow release fertilizer has become a new trend to save fertilizer consumption and to minimize environmental pollution. Due to its polymeric cationic, biodegradable, bioabsorbable, and bactericidal characteristics, chitosan (CS) nanoparticle is an interesting material for use in controlled release systems. However, there are no attempts to explore the potential of chitosan nanoparticles as controlled release for NPK fertilizers. In this work chitosan nanoparticles were obtained by polymerizing methacrylic acid for the incorporation of NPK fertilizers. The interaction and stability of chitosan nanoparticle suspensions containing nitrogen (N), phosphorus (P) and potassium (K) were evaluated by FTIR spectroscopy, particle size analysis and zeta-potential. The FTIR results indicated the existence of electrostatic interactions between chitosan nanoparticles and the elements N, P and K. The stability of the CS-PMAA colloidal suspension was higher with the addition of nitrogen and potassium than with the addition of phosphorus, due to the higher anion charge from the calcium phosphate than the anion charges from the potassium chloride and urea. The mean diameter increase of the CS-PMAA nanoparticles in suspension with the addition of different compounds indicated that the elements are being aggregated on the surface of the chitosan nanoparticles. : nanomaterials, chitosan, NPK fertilizers, zeta potential eXPRESS Polymer Letters Vol.4, No.8 (2010) 509-515 Available online at www.expresspolymlett.com DOI: 10.3144/expresspolymlett.2010.64 ers are protected by the nanoparticles for better survival in inoculated soils, allowing for their controlled release into the soil [5] . Therefore, the method of encapsulation of fertilizers components in polymeric nanoparticles is relatively novel, with potential commercial applications. Chitosan nanoparticles have been investigated as a carrier for drug delivery, although have been no attempts to explore the potential of chitosan nanoparticles as controlled release for NPK fertilizers. Chitosan (CS) is a polymer of particular interest in this area because it is biodegradable, bioabsorbable, and bactericidal [9, 10] . Due to its polymeric cationic characteristics, chitosan nanoparticles may interact with negatively charged molecules and polymers, showing a favorable interaction. The ability of controlling nanoparticle size is highly desirable for most applications in the field of nanotechnology [11] . In this work chitosan nanoparticles were obtained by polymerizing methacrylic acid for the incorporation of NPK fertilizers. The interaction and stability of chitosan nanoparticle suspensions containing N, P and K were evaluated by FTIR spectroscopy, particle size analysis and zeta-potential.
Introduction
Fertilizers are chemical compounds applied to promote plant and fruit growth [1] . Fertilizers are usually applied either through the soil (for uptake by plant roots) or by foliar feeding (for uptake through leaves). Fertilizers can also be applied to aquatic environments, notably ocean fertilization. Artificial fertilizers are inorganic fertilizers formulated in appropriate concentrations and the combinations supply three main nutrients: nitrogen, phosphorus and potassium (N, P and K) for various crops and growing conditions. N (nitrogen) promotes leaf growth and forms proteins and chlorophyll. P (phosphorus) contributes to root, flower and fruit development. K (potassium) contributes to stem and root growth and the synthesis of proteins [2, 3] . However, about 40-70% of nitrogen, 80-90% of phosphorus, and 50-70% of potassium of the applied normal fertilizers is lost to the environment and cannot be absorbed by plants, causing not only substantial economic and resource losses but also very serious environmental pollution [4, 5] . Recently, the use of slow release fertilizers has become a new trend to save fertilizer consumption and to minimize environmental pollution [6, 7] . This brings out the idea of developing encapsulated fertilizers, in which NPK fertilizers are entrapped within nanoparticles [8] . Consequently, the fertiliz-ers are protected by the nanoparticles for better survival in inoculated soils, allowing for their controlled release into the soil [5] . Therefore, the method of encapsulation of fertilizers components in polymeric nanoparticles is relatively novel, with potential commercial applications. Chitosan nanoparticles have been investigated as a carrier for drug delivery, although have been no attempts to explore the potential of chitosan nanoparticles as controlled release for NPK fertilizers. Chitosan (CS) is a polymer of particular interest in this area because it is biodegradable, bioabsorbable, and bactericidal [9, 10] . Due to its polymeric cationic characteristics, chitosan nanoparticles may interact with negatively charged molecules and polymers, showing a favorable interaction. The ability of controlling nanoparticle size is highly desirable for most applications in the field of nanotechnology [11] . In this work chitosan nanoparticles were obtained by polymerizing methacrylic acid for the incorporation of NPK fertilizers. The interaction and stability of chitosan nanoparticle suspensions containing N, P and K were evaluated by FTIR spectroscopy, particle size analysis and zeta-potential.
Experimental 2.1. Materials
Chitosan (CS) (MW 71.3 kDa, degree of deacetylation 94%) was purchased from Polymar Ciência e Nutrição S/A (Fortaleza, Brazil). All reagents were of analytical grade. Potassium persulfate (K 2 S 2 O 8 ) and methacrylic acid (MAA) were purchased from Sigma-Aldrich Química Brasil Ltda (São Paulo, Brazil). Calcium phosphate Ca(H 2 PO 4 ) 2 ·H 2 O, urea CO(NH 2 ) 2 and potassium chloride KCl were purchased from Synth-Labsynth Produtos para laboratórios Ltda (Diadema, SP, Brazil).
Preparation of CS-PMAA nanoparticles
The CS-PMAA nanoparticles were obtained by polymerization of MAA in CS solution in a twostep process [11] . In the first step, chitosan was dissolved in a 0.5% (v/v) methacrylic acid aqueous solution for 12 h under magnetic stirring. The CS concentration used in synthesis was 0.2% (w/v). In the second step, 0.2 mmol of K 2 S 2 O 8 was added to the solution with continued stirring, until the solution became clear. The polymerization was then carried out at 70°C under magnetic stirring for 1 h leading to the formation of CS-PMAA nanoparticles, which was then cooled in an ice bath.
Characterization of CS-PMAA nanoparticles
The zeta potential measurements and particle size distribution of CS nanoparticules were taken on a Zetasizer NanoZS (Malvern Instruments, Worcestershire, UK). The measurements were carried out after equilibrating the prepared samples at several pH values (2.0-12.0) at 25°C. All analyses were performed in triplicate.
The morphology and size of the CS-PMAA nanoparticles were investigated using a Philips CM200 transmission electron microscope (Philips Electronic Instruments, Mahwah, NJ, USA). CS-PMAA nanoparticle emulsions were sonicated for 2 min to produce better particle dispersion and to prevent the nanoparticle agglomeration on the copper grid. One drop of the nanoparticle emulsion was spread onto a carbon-coated copper grid and was then dried at room temperature for transmission electron microscopy (TEM) analysis. The sizes of the nanoparticles were determined directly from the figure using an Image-Pro Plus 4.5 software. The value is an average size of five parallels.
Incorporation of NPK fertilizer in chitosan nanoparticles
There are many types of commercial fertilizers that consist of mixing the substances containing nitrogen (N), phosphorus (P) and potassium (K) in different proportions. In this study, the sources of N, P and K used were urea, calcium phosphate, and potassium chloride, respectively. These substances were used separately. The incorporation of NPK fertilizers in chitosan nanoparticles was obtained by dissolving different amounts of NPK into 50 ml of nanoparticle solution under magnetic stirring for 6 h at 25°C. The resulting solution to incorporate NPK into the nanoparticles presents this final concentration: i) 20, 40, 60, 80, 100, 200, 300, 400 and 500 ppm of N; ii) 10, 20, 30, 40, 50 and 60 ppm of P; iii) 20, 40, 60, 80, 100, 200, 300 and 400 ppm of K. The maximum P solution concentration was of 60 ppm because the solution will precipitate at higher concentrations. The resulting solutions had a pH between 4.2 and 4.7
Characterization of the nanoparticles with NPK fertilizers
The zeta potential and particle size distribution measurements of CS-PMAA suspension nanoparticles with entrapment of NPK fertilizers in different concentrations were carried out in a Zetasizer NanoZS (Malvern Instruments, Worcestershire, UK) at pH of the resulting solutions and at 25°C.
FT-IR analysis
CS-PMAA nanoparticle suspensions with 500, 60 and 500 ppm of N, P and K, respectively were prepared as described in chapter 2.4. The nanoparticle suspensions with/without entrapment of NPK fertilizers were frozen by liquid nitrogen and lyophilized by a freeze drying system in order to obtain dried nanoparticles. FT-IR spectra were taken on a Perkin Elmer Spectrum model Paragon 1000 (Perkin-Elmer Life and Analytical Sciences, Inc., Waltham, MA USA), in the range of 4000 to 400 cm -1 to evaluate the chemical interaction between NPK fertilizers and CS nanoparticles. Powdered samples were prepared using KBr to form pellets.
Results and discussion
During the synthesis of chitosan nanoparticles, it was observed that the chitosan solution in methacrylic acid (MAA) changed from a clear to an opalescent suspension. This transformation is an evidence of the formation of chitosan nanoparticles with MAA. According to the mechanism proposed by Vasconcelos et al. [12] , the formation of nanoparticles occurs via inter and intra-molecular linkages between PMAA carboxyl groups and amino groups of chitosan during the polimerization of MAA. Figure 1 shows a transmission electron microscopy (TEM) image of the chitosan nanoparticles (CS-PMAA). The nanoparticles showed a spherical shape with a homogeneous size distribution. The mean diameter of the chitosan nanoparticles (in the dry state) was of approximately 78 ± 1.5 nm, which is higher in suspension due to the nanoparticles' swelling ability. Figure 2 shows the FTIR spectra of pure chitosan (CS), of the CS-PMAA nanoparticles and of the nanoparticles loaded with urea (CS-PMAA O), (CS-PMAA(KCl)), significant differences can be observed. However, the specific peak of the CS-PMAA nanoparticle appears in the spectra of loaded nanoparticles, hence suggesting that there was no change in the structure of the nanoparticles with the incorporation of N, P and K fertilizers. The main changes observed in the spectrum of the nanoparticles loaded with urea (CS-PMAA(NH 2 CONH 2 )), when compared to the spectrum of CS-PMAA, occurred at 1400-1500 cm -1 region. A strong peak is observed at 1400 cm -1 due to deformation of ammonium ions (-NH 4 + ), which usually occurs at ca. 1500 cm -1 [15] . This shifting between the two peaks suggests some interaction between -NH 4 + groups of urea and -COO -groups of CS-PMMA nanoparticles. For the nanoparticles loaded with calcium phosphate (CS-PMAACa(H 2 PO 4 ) 2 ·H 2 O), the main change in the FTIR spectrum regarding the spectrum of the CS-PMAA nanoparticles, is the increase in the absorption intensity at 1547 cm -1 , indicating the interaction between the -NH 3 + group of the chitosan nanoparticles and the P 2 PO 4 -and PO 4 2-groups of calcium phosphate. The appearance of two intense bands was also noted at about 530 and 1070 cm -1 , corresponding to the calcium phosphate grouping [16, 17] that was incorporated into the chitosan nanoparticles. The main change observed in the spectrum of the nanoparticles loaded with KCl occurred at about 1460 cm -1 , which is probably due to the interaction of the -COO -groups of chitosan nanoparticles with the potassium chloride K + groups. Figure 3 illustrates the zeta potential as a function of the pH for the CS-PMAA nanoparticles. The variation of the zeta potential with the pH values is a consequence of the loading density changes on the nanoparticles' surface. The positive values of the zeta potential indicate that the CS-PMAA nanoparticles are positively loaded due to the cationic characteristics of chitosan in the pH range of 2 to 5.5. The isoelectric point of the system is at pH = 5.5, where the positive and negative charges are equal. It is an indication that at this pH the system has certain instability. At a pH greater than 5.5 negative zeta potential values are observed, indicating that the surface of the nanoparticles are negatively charged due to ionization of the carboxyl groups of PMAA and the neutralization of the -NH 2 groups of CS. The stability of a colloidal dispersion is a consequence of the electrical double layer on the surface of the colloidal particles. The addition of an electrolyte to a colloidal dispersion suppresses the diffuse double layer and reduces the zeta potential. This drastically reduces the electrostatic repulsion between the particles and precipitates the colloid. The colloid is extremely sensitive to ions of opposite sign. A positively charged colloidal dispersion is precipitated by negative ions, these ions are incorporated into the fixed portion of the double layer, reducing the total charge of the particle. Similarly, a negatively charged colloidal dispersion will be destabilized by positive ions. The ion with the same charge of the colloidal particle has little effect on precipitation [18] . NPK fertilizer components (urea, calcium phosphate and potassium chloride) that were added to the CS-PMAA suspensions dissociate in aqueous acid solutions according to the reactions (1)- (3) below:
(3a)
The stability of colloidal suspension of the CS--PMAA nanoparticles at pH values lower than 5.5 is influenced by the presence of positive ions, since the colloidal suspension of CS-PMAA is positively charged. The precipitation of the colloidal suspension of CS-PMAA was observed with the addition of amounts greater than 400 ppm of N and K and amounts greater than 60 ppm of P. This difference is probably related to the greater charge of the anion H 2 PO 4 2-(from the electrolyte Ca(H 2 PO 4 ) 2 ·H 2 O) compared to the anion Cl -(from the electrolyte KCl), because the higher the ion charge, the higher the precipitation efficiency of the colloid. Figures 4a, 4b and 4c show the zeta potential values and mean particle diameter due to the quantity of phosphorus, nitrogen and potassium, respectively (after 6 hours of mechanical agitation). The mean diameter of the CS-PMAA nanoparticles in suspension was of approximately 142 nm and increased with the addition of the different compounds. The maximum increase in the mean diameter was of 53% with the addition of 60 ppm of phosphorus, of 32% with 400 ppm of nitrogen and of 13% with the addition of 400 ppm of potassium. These values are probably related to the size of the species separated in the colloidal suspension, and the separated species from the KCl have a smaller volume than the separated species from the urea and calcium phosphate. It was found that for the colloidal dispersions of CS-PMAA with phosphorus, the zeta potential values (ζ) were not significantly altered with the addition of up to 60 ppm of phosphorus, indicating the stability of the colloidal system under the conditions studied.
The ζ values of the dispersions of CS-PMAA loaded with up to 200 ppm of N were higher when compared to the ζ value of the dispersion of pure CS-PMAA and for the dispersions with higher amounts of N to 200 ppm, the values of ζ were lower. This indicates that above 200 ppm a suppression of positive charges is occurring in the colloidal dispersion of CS-PMAA, which must be due to the presence of negative groups from the urea molecules (NH 2 CONH 2 ). For dispersions with potassium, the zeta potential showed an increase with the addition of potassium of 20 to 80 ppm with respect to the dispersion of pure CS-PMAA, indicating an increase of positive charges in the colloidal dispersion and remaining almost constant with the addition of up to 400 ppm. This shows that the presence of the Cl -ions (from KCl) did not affect the stability of colloidal dispersion with additions of up to 400 ppm and above this amount a decrease of positive charges occurred and consequently, the precipitation of the colloidal system.
Conclusions
The chitosan nanoparticles obtained showed spherical shapes and uniform sizes of approximately 78 nm in the TEM micrographs. The stability of the CS-PMAA colloidal suspension was influenced by the presence of the separated species from the urea, potassium chloride and calcium phosphate. The FTIR results indicated the existence of electrostatic interactions between -COO -and -NH 3 + of the chitosan nanoparticles and the elements N, P and K present in the urea, calcium phosphate, potassium chloride, respectively. The stability of the CS-PMAA colloidal suspension was higher with the addition of nitrogen and potassium than with the addition of phosphorus, due to the higher anion charge from the calcium phosphate than the anion charges from the potassium chloride and urea. The mean diameter increase of the CS-PMAA nanoparticles in suspension with the addition of different compounds indicated that the elements are being aggregated on the surface of the chitosan nanoparticles. Further studies are needed to understand the mechanism and to optimize the incorporation of the N, P and K elements into the CS-PMAA nanoparticles.
